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The level structure of 2'?Bi has been studied by observing the alpha decay of *!®At which is
in secular equilibrium with ??°Fr and ??*Ac. Eight states are observed and tentatively assigned
to the configuration 7rh9/21/(g9/2)3 and three to the configuration ﬂhg/zl/(gg/z)zill/g. These two
lowest configurations in *'?Bi are compared with the corresponding configurations in 2*°Bi and the

calculations of Warburton.

PACS number(s): 21.10.—k, 23.20.Lv, 23.60.+e, 27.80.4+w

I. INTRODUCTION

The level structure of 21°Bi has been thoroughly stud-
ied both experimentally and theoretically [1-20] because
with just one proton and one neutron beyond the double
closed shells of 2°8Pb it represents an ideal testing ground
for the p-n interaction and a variety of nuclear models.
However, with just two more added neutrons the nucleus
of 212Bi has received relatively little attention either ex-
perimentally or theoretically. Recently Warburton [21],
using the Kuo-Herling shell model space [18] calculated
the 8~ decay rates for the ground state and the two iso-
meric states of 212Bi in order to suggest spin-parity values
for the two isomeric states. In the process it was neces-
sary to calculate the low-lying energy spectrum of '?Bi.

212Bj has been studied experimentally using the 5~
decay of 212Pb [22] which has provided evidence for four
low spin states. Alpha decay studies of 2!6At [22] have
allowed the observation of a number of states, includ-
ing those observed in 8~ decay such as the tentative 0~
state at 238 keV which should not be populated in the
alpha decay of the 1~ ground state of ?'6At. Some of
the spins and parities of these states are unknown. The
alpha decay of a 27 min isomeric state at ~ 250 keV in
212Bj has been observed [22] to alpha decay to the 4~
and 5~ states in 2°%T1 and 3~ decay to states in 2'%Po.
This state was speculatively assigned J™ = 97. Recently,
however, Warburton [21] has shown that the experimen-
tal log ft values can only be explained if the isomeric state
in ?12Bi at ~ 250 keV has J™ = 8.

In this alpha decay study of ?21®At we have observed
a number of states in 2!2Bi which were previously unob-
served, assigned spins and parities to most of these states
and shown that some of the previously observed states in
212Bj proposed as a result of alpha decay do not exist.
The main purpose of this study is to locate the lowest-
lying configurations in 2!2Bi such as Whg/zv(gg/z)g/z with
a view toward comparing these configurations with the
lowest-lying configurations in 2!°Bi and with the theoret-
ical calculations of Warburton [21].
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II. EXPERIMENTAL METHODS AND RESULTS

Mass separated sources of 22Ac (2.9 h) were pro-
duced by the Orsay Synchrocyclotron in conjunction with
ISOCELE. The selective fluorination method described
previously [23] was used to separate Ac from the elements
Th, Pa, Ra, and Fr. In this experiment an ~ 10 g target
of Th-Ce alloy was heated to 1100° while being bom-
barded with ~ 1 pA of 200 MeV protons. Bombarding
times of 30-48 h were used on several separate occasions.
The fluorinating medium was CF4 which was continu-
ously passed over the target during the bombardment.
224AcF, * ions (mass 262) were mass separated with col-
lected activity varying from 5x10* to 2x10° ions/s. The
activity was collected for 2 h after which it was trans-
ported by tape into two different experimental setups.

In one experiment the tape moved the activity between
alpha and gamma planar Ge detectors in 180° close ge-
ometry. The alpha detector had a full width at half max-
imum resolution of 17 keV, while the resolution of the
gamma detector was ~ 600 eV at 100 keV. Singles alpha
and singles gamma spectra and alpha-gamma coincidence
measurements were simultaneously recorded.

In the other experiment the 224 Ac activity was moved
into the uniform field of a magnetic selector which de-
flected the electrons onto a cooled 6 mm thick Si(Li)
detector. Two additional coax Ge gamma and alpha
detectors were available for coincidence measurements.
Singles alpha and electron spectra and alpha-electron,
alpha-gamma, and electron-gamma coincidence measure-
ments were recorded simultaneously.

It must be recognized that the 2.9 h 224 Ac activity after
a few minutes has in secular equilibrium the 27.4 s 22°Fr,
and the 0.30 ms 2'6At. Thus the alpha spectrum of 224Ac
has in equilibrium with it the alpha spectrum of 22°Fr and
216 At. This alpha spectrum taken in coincidence with all
gamma rays is shown in Fig. 1. Alpha grouping belong-
ing to 224 A ¢, 220Fr, and 26 At are bracketed and energies
in keV are indicated for the alphas of 2!6At populating
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FIG. 1. Alpha spectra observed in coincidence with all
gamma rays following alpha decay of ??*Ac, 220Fy and
216 At. The energies of the alpha groups in 2!°At are la-
beled in keV. The groups with (*) are random coincidences of
ground-ground alpha decay. The 7711 keV (+4) group is the
sum peak from the 7691 keV alpha and the 24 keV electrons
from the K shell of the 115 keV M1 gamma transition.
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FIG. 2. (a) Gamma spectrum with planar Ge detector co-
incident with all alpha groups in ?*At (Fig. 1). (b) Gamma
spectrum with coax Ge detector coincident with all alpha
groups in *'9At (Fig. 1).
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FIG. 3. Planar Ge spectra in coincidence with specific al-
pha groups in ?*®At. (a) 7691 keV, (b) 7595 keV, (c) 7558

keV, (d) 7488 keV.

levels in 2'2Bi. Figure 1 indicates quite clearly that there
is very little overlapping between the alpha groupings
which facilitates interpretation of the alpha-gamma and
alpha-electron coincidence measurements.

Figures 2(a) and 2(b) present the gamma spectra ob-
tained with planar and coax Ge detectors, respectively,
coincident with all alphas in the 216At alpha group of
Fig. 1. Figure 3 presents the gamma spectra coinci-
dent with specific separated alpha groups. Gamma rays
arising from transitions in 212Bi are labeled by the ener-
gies in keV. X rays are specifically labeled as are gamma
rays from the chance coincidences from the transitions
n 224Ra. These gammas are present in very high inten-
sity as a result of the 90% electron capture of 224Ac into
224R,

A representative internal conversion electron spectrum
is shown in Fig. 4. Energies in keV and multipolarities
are indicated together with K, L, and M conversion lines.

Table I lists all of the gamma rays, their energies, in-
tensities, and multipolarities when available, assigned to
212Bj together with the assignment of the transitions in
the level scheme.
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FIG. 4. Internal conversion electron spectrum in ?'?Bi in
coincidence with the 7691 keV alpha group.
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TABLE I. Gamma-ray transitions in ?!?Bi seen in coincidence with 2!®At alpha particles.

E, (AE,) Levels Multi- Multipolarity

keV I,(AL)/10°a  Init.—Final  polarity Exp. Theo.

M1 E2 E1

37.6 (0.4)  0.03 (0.01) 250.7 — 2131 M1 o (TOT)=214+6 27 530 1.0
97.9 (0.2)  0.20 (0.05) 213.1 — 115.2 M1(E2) L/, =75+15 9 0.5 0.36
103.4 (0.2)  0.23 (0.05)  (381) —> (278) M1(E2) I/, =55+20 7.5 05 0.32
115.2 (0.1)  2.70 (0.20) 1152 — 0 M1 Lx/I,=50+06 55 045 0.24
204.8 (0.5)  0.10 (0.03)  417.9 — 213.1
300.0 (0.3)  0.25 (0.05) 4153 — 115.2 M1 212pp?, 212p; (99]
379.3 (0.3)  0.33 (0.07)  494.6 — 115.2
417.9 (0.2)  1.30 (0.20) 417.9 — 0

xt 9.2 (1.2)

XK 20.2 (2.0)

III. THE LEVEL SCHEME OF ?2Bj

A partial level scheme for ?!%Bi is shown in Fig. 5.
To the left the 3~ decay of ?'?Pb is shown and to the
right the alpha decay of 2'6At as measured in these ex-
periments. Beta decay energies, intensities, and logft
values [22] are shown to the far left. To the far right the
energies, intensities, and hindrance factors of the alpha
decay are tabulated. It should be noted that the alpha
decay differs significantly from that summarized in the
recent Nuclear Data Sheets [22]. Certain levels reported
to be populated by alpha decay in previous experiments
are not populated in these experiments and some levels
populated in these experiments were not previously ob-
served. The gamma transitions not observed in alpha
decay are shown to the left; those not observed in 3~
decay to the right and those common to both modes of
population are shown in the center.

It should be noted that a high spin isomeric state pre-
viously postulated to have J™ = 9~ is observed at ~250
keV. While this state is populated by alpha decay, the

details of its population are not certain. It has been sug-
gested [22] that it is populated from a 9~ state 413 keV
above the ground state of 2'6At. Because of the uncer-
tainty this 413 keV state in 216At is shown dashed in Fig.
4. There is, however, no doubt about the existence of the
~250 keV state with a 27 min half-life in 2!2Bi. It alpha
decays to the 57 ground state and the 4% first excited
state in 298T] with large hindrance factors, and S~ de-
cays to states in 2'2Po in the energy range from 1.13 to
1.46 MeV [22].

The careful 3~ decay studies of 21?2Pb leading to states
in ?12Bi have already been shown [22] to determine the
spin-parities of 1(), 2(=), 0(=), and 1) for the ground
state, 115.183, 238.362, and 415.272 keV states, respec-
tively. The only uncertainty involves the parity sug-
gested [22] to be minus because of the similarity with
the known negative parities in the ?!°Bi nucleus includ-
ing the ground state 1~ arising from the configuration
mhg/2vgg/2 and the 1) ground state in the parent 216 At
arising from similar ground state 7(hg/2)%v(go/2)° config-

uration. However, the vgg/, N mhg 2 and u(g9/2)§+ N

216 At
(%)':ﬂ(‘?' FIG. 5. Partial level structure of
Z 212Bj. The beta decay of 212pp to-
g gether with the beta energies, inten-
oj o sities, and corresponding logft values
) [22] are shown to the left. The alpha
8 4946 7319 009 70 < decay of 2'6At together with the alpha
A D 2) /% ;ggg } 027 40 <] e1‘1ergies, intensities, a.nd correspox%ding
) : 1 _ hindrance factors derived from this re-
= S search are shown to the right. Gamma
@) |9 2 é g g 2507 ecs 007(3) 5404 transitions together with their energies
8(9) e 280__ 7.\ _57min - and multipolarities when known are
335() 825010) S20€) Q. = 12 7595  0.16(5) 300 < shown as vertical arrows. Transition
? & § ' observed in both beta and alpha de-
2 = & L T 115183 7601  1.4(2) 67 +— cay are shown in the middle; those ob-
g’. § 3 @ served only in beta decay, to the left;
4 5 8¢ é s, 0.0 those observed only in alpha decay, to
(574) 12.3(10) 6.79(4) 7804 975 2 < .
Ey Iy logtt 212 o E, 1, HF the right.
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(mhg/avg/2)0- decays in 209Phb and 21°Pb both with log ft
values of 5.5 for these first forbidden decays is a strong

indication that the v(go/2)a+ N [rhe/2v(ge/2)%]o- decay
of 212Pb with logft value 5.2 does populate the 0~ state
in 212Bi. Thus both the 0 spin and the negative parity of
this state are affirmed. This also implies that the ground
state, 115.183, 238.362, and 415.272 keV states, and the
ground state of 2'6At have negative parity. It should be
noted that we did not observe 238.4 keV gamma rays
with intensity limit < 107* [Figs. 2(a) and 2(b)]. This
implies that the alpha feeding to the 238.4 keV state is
forbidden (F, > 4000).

In view of the hindrance factors of 300 and 540 popu-
lating the 213.1 and 250.7 keV states by alpha decay from
the 1~ 216 At ground state, most probable { = 2 alpha de-
cay and implied spins 3~ or 4~ can be suggested. The
cascade of two consecutive M1 gamma transitions begin-
ning at the 250.7 keV state fits with these assignments
and suggests the sequence 3~ and (4)~ for the 213.1 and
250.7 keV states since there is no observed transition from
the 250.7 keV state to the 27 state at 115 keV. States
at 417.9 and 494.6 are observed on the basis of alpha de-
cay from 216At and coincident gamma decay. Tentative
spin-parity assignments of (27) and (37), respectively,
are suggested based on the gamma decay.

Recently, Warburton [21] has shown that the S~ decay
to 212Po cannot be explained using the 9~ postulated
spin of the ~250 keV 2!2Bi state. In order to obtain the
appropriate logft values a spin 8~ is required.

Finally it should be pointed out that there is a 7488
keV alpha transition (0.2%) in the alpha decay of 2'¢At
in coincidence with a 103.4 keV M1 transition [Fig. 3(d)]
which is difficult to explain. If one assumes that this al-
pha transition depopulates the 1~ ground state of 216 At,
then a level in 212Bi at 32442 keV is defined which in
turn populates a level at 221 keV via the 103.4 keV M1.
However, the level at 221 keV has no observed decay and
we see no evidence of isomerism. Furthermore, the 7488
keV alpha decay has a hindrance factor of 120 which im-
plies an [ transfer of ~2. This in turn determines the
spin state populated in 2!2Bi by the alpha decay as 2~
or 37. Such a state would depopulate to the 1=, 27, 37,
and 4~ states known to exist below 324 keV in ?12Bi (see
Fig. 5).

Perhaps the most reasonable solution to this dilemma
is to assume that the known 57 keV state in 216At [24]
would be an isomeric state with tentative spin 4= which
has no other known mode of decay, and which alpha de-
cays directly to the 381+2 keV (67) state in 212Bi, which
in turn populates a 7~ state at 27842 keV following the
103.4 keV M1 transition. Presumably the 4~ state in
216 At also decays by a highly converted 22.4 keV M1
transition to the tentative 34.6 keV 3~ state in 2!6At.
A low energy 58+8 keV isomeric state in the neighbor-
ing nucleus 2'*At has been suggested [25]. However, one
must question why the tentative 4~ state in 216At does
not also have observable decay to the tentative 4~ state
in 21?Bi at 250.7 keV. For that reason this suggestion
must be considered very speculative. That is the reason
it is shown in a separate tentative level diagram (Fig. 6).

0.20(3) 120 +———

212 o Ex, Io HF

(partial; tentative) (keV) %

FIG. 6. More tentative part of the level structure of 2:2Bj
dealing with the high spin states. No decay from the (77) 278
keV state has been observed. The modes of decay of the 8~
(97) state at 250 keV to **?Po and 2°®T1 are indicated. For
other details see the caption to Fig. 5.

The spins of the 381 and 278 keV states in 2'2Bi are
also uncertain and speculative. The hindrance factor of
120 for the alpha decay of the 57 keV (47) state of 216At
to the 381 keV suggests [ = 2, implying 5~ or 6~ for the
381 keV state. Since the 381 keV state does not decay
to the 250.7 keV tentative 4~ state, we prefer the 6~
assignment. The M1 assignment of the 103.4 keV gamma
transition then suggests that the 278 keV state must have
J™ =5",6",0r 7". Since no 5~ — 4~ transition is seen
and only 5~ and 7~ states are expected, we prefer the
7~ assignment. This 278 keV 7~ state should then decay
with a highly converted 28 keV M1 (or E2) to the 8~
(97) state at ~250 keV in 2?Bi which in turn alpha and
beta decays to levels in 2°8T1 and 212Po, respectively. All
of this is shown in Fig. 6. Although it is speculative, it
explains more of the features of the levels in 21At and
212Bj and their decays than other alternative schemes.

IV. DISCUSSION

Using the partial level scheme of Fig. 5 and the more
tentative part of the 2'2Bi level scheme of Fig. 6, it is
possible to compare the level scheme of 2!°Bi [12] and
212Bj and compare each of them to the theoretical calcu-
lations of Warburton [21]. These comparisons are shown
in Fig. 7.

Since we have complete confidence in the experimental
levels of the mhg 51g9/2 and whg/2vi11 /2 configurations of
210Bj, the degree of agreement with the theoretical cal-
culations of Warburton gives us a reading on how good
we might expect the agreement between experiment and
theory to be in the case of 212Bi. Of course 2'2Bi with
four particles beyond the 2°8Pb closed shell is a greater
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theoretical challenge than ?19Bi with just two particles
beyond the closed shell. However, the degree of agree-
ment is somewhat similar and certainly encouraging.

In contrast with 21°Bi where the calculated energy re-
lationship between the 0~ and 1~ states are not very
well predicted, the agreement for 212Bi is excellent (Fig.
7). In the case of 2!°Bi the strong Nordheim [26] rule
predicts that the 0~ state should be the ground state
in agreement with the calculations of Warburton, but in
contrast with experiment.

In general, just as in the case of 2°Bi for the
mhg/2vge /2 configuration, the calculations of Warburton
predict the states of the mhg/,1(gg/2)® configuration of
212Bj somewhat higher than they are actually observed.
Remembering the speculative nature of the 417.9 and
494.6 keV states, this trend is even more obvious in the
case of the 7rh9/21/(gg/2)27:11/2 configuration of 212Bi.

It must of course be remembered that the 47, 67,
and 7~ states of the Whg/zu(g9/2)3 configuration are only
tentative assignments, and the 2~ and 3~ states of the
mhg/2v(ge/2)%i11/2 configuration of ?12Bi are also tenta-
tive. Furthermore the assumption has been made that
the lowest energy state for each spin has been assigned
to the mhg 3v(ge /2)3 configuration and the second lowest
state of the appropriate spin, to the mhg/3v(go/2)%11/2
configuration (except 107) in the calculations of War-

burton. Given the tentative nature of some of the spins
and the assumption made in utilizing the calculations,
the agreement is satisfactory.

Perhaps the best agreement between experiment and
theory for 2'°Bi occurs with the calculations of Kim and
Rasmussen [27]. They correctly predict the order of the
0~ first excited state and the 1~ ground state and have
generally good agreement with the other states of the
Bi configurations. Their calculation utilizes the tensor
force and involves a very sensitive fitting of the vari-
ous force parameters. Unfortunately they have not at-
tempted to calculate the 4-quasiparticle states of 2}2Bi.
They have, however, calculated the level structures of a
number of other nuclei in this region, including 2'°Po,
210pp, 208Bj, and 2°%T] using the same force parameters
with considerable success [28]. Perhaps their somewhat
more phenomenological treatment mirrors more correctly
the changing single particle energies as a function of pro-
ton and neutron number. It would seem to be of value
to use this approach on some of the more challenging
spectra like 2!2Bi.
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